Bioactivities of quinoides 1-5 and VEGFR2 TKIs 6-10 in hepatocellular cancer (HCC) and cancer stem cells (HCSCs) were studied. The compounds exhibited IC 50 values in μM concentrations in HCC cells. Quinoide 3 was able to eradicate cancer stem cells, similar to the action of the stem cell inhibitor DAPT. However, the more cytotoxic VEFGR TKIs (IC 50 : 0.4-3.0 μM) including sorafenib, which is the only FDA approved drug for the treatment of HCC, enriched the hepatocellular cancer stem cell population by 2-3 fold after treatment. An aggressiveness factor (A F ) was proposed to quantify the characteristics of drug candidates for their ability to eradicate the CSC subpopulation. Considering the tumour heterogeneity and marker positive cancer stem cell like subpopulation enrichment upon treatments in patients, this study emphasises the importance of the chemotherapeutic agent choice acting differentially on all the subpopulations including marker-positive CSCs.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most frequent and second most deadly cancer worldwide. 1 HCC patients are resistant to chemotherapy and radiotherapy, because conventional therapies can only reduce the bulk of the tumour mass but are unable to restrain tumour regrowth and relapse. HCC is a highly heterogeneous tumour in terms of morphology and clinical outcome. 2 The enrichment of cancer stem cells is one of the main reasons behind failure in treatment of HCC patients. Sorafenib (6), a multi-kinase inhibitor acting on VEGFR2-TK and also the only FDA approved drug for the treatment of HCC patients, inhibits proliferation and migration of tumour cells and angiogenesis. Recently, it has been reported that many patients develop resistance to sorafenib. This was explained by the enrichment of cancer stem cells that have the capacity to self-renew, differentiate into cancer cells and acquire resistance to chemotherapy in most of the cancer types. 3, 4 Hence, it is crucial to develop novel drugs against the differentiated cancer cells as well as liver cancer stem cells in order to successfully eradicate liver cancer. Liver cancer stem cells could be identified and isolated by several surface markers including CD133, CD90, CD44, CD13, EpCAM, OV-6, CD24, DLK1 and ICAM-1. 5 Cells that carry one or two of these markers were shown to possess CSC features. The epithelial-mesenchymal transition (EMT) is a critical step for stemness. In this study, we have selected liver cancer cell lines with different phenotypic properties based on their genotypes. Huh7 and Hep3B cells are known to have epithelial features (well-differentiated), whereas Mahlavu and SNU-475 cells were characterized as mesenchymal-like (poorly-differentiated) cells. 6 Huh7 and Hep3B cells express genes associated with epithelial like properties. These cells express the HCC marker AFP along with the epithelial marker Ecadherin, while Mahlavu and SNU-475 cells don't express AFP and E-cadherin genes while they express high levels of vimentin protein. 6 analyse cancer stem cell markers in each cell line, which we studied by flow cytometry. Quinones and quinone-like compounds seem to be promising candidates against cancer stem cells; however, they are mainly organotoxic. It has been reported that minor changes in the side chains of the quinone structure can lead to a strong variation in the biological toxicity; [9] [10] [11] thus, modelization of various quinoid derivatives with strong inhibitory activity and low toxicity is conceivable. Therefore, we prepared a series of quinoides, 1-5 ( Furthermore, VEGFR2 TKIs 6-10 ( Fig. 2) were also screened in HCC cell lines (Tables 1 and 2A ). Compound 6 is sorafenib tosylate (Nexavar®), and compound 9 was developed by GlaxoSmithKline as a drug candidate to inhibit VEGFR2 TK. Compounds 7, 8 and 10 were designed by Biomagi, Ltd. to modulate VEGFR2 TK activity.
Results and discussion

Chemistry
Compounds 1, 2a and 2b were prepared according to our previous work starting from commercially available 2-methylhydroquinone (S1) (Scheme 1). 12 Compounds 3 and 5 were prepared (Scheme 2) according to Carreño's procedure with slight modifications (see the ESI ‡). [13] [14] [15] The new quinoide 4 was obtained from vanillin (S7) in very good overall yield using the sequence depicted in Scheme 3.
VEGFR2 TKI 6 was obtained from Bayer Inc. Synthesis of 7 was described by Lintnerová et al. 16 Compound 9 was prepared according the procedure described by Harris et al.
17
Novel compounds 8 and 10 were synthesized using the sequence depicted in Scheme 4 (see also the ESI ‡).
Biological evaluation
Bioactivities of quinoides and VEGFR2-TKs in HCC cells. NCI-SRB assay was initially performed to define the inhibitory concentrations (IC 50 values) of compounds in HCC cell lines Huh7, Hep3B, and Mahlavu. Results have shown that almost all compounds (except for 5) had IC 50 values in μM concentrations for all cell lines (Table 1) . DAPT (γ-secretase inhibitor) was used as a control for CSC inhibition.
Expression of cancer stem cell markers in HCC cell lines. CSC marker expression varies among cell lines of HCC, since a Experiments were performed in triplicate; Ni: no growth inhibition. liver CSCs exist heterogeneously and these features determine the characteristics of the cancer (tumourigenicity and metastatic tendency). It has previously been reported that the epithelial cell adhesion molecule (EpCAM) and CD133 expressing cells are more likely to execute epithelial features, whereas CD90 expressing cells are more likely to be mesenchymal. 18, 19 Expression of these markers in HCC cell lines was analyzed using flow cytometry. It was shown that CSCs of Huh7 cells could be identified by CD133 and EpCAM positivity (20-30%). CSCs of Mahlavu and SNU-475 could be identified by CD90 positivity (0.2-0.6%) (Fig. 3) .
As stated above, the EMT is critical for cancer cell stemness. Huh7 and Hep3B cells carry epithelial features, whereas Mahlavu and SNU-475 cells carry migratory mesenchymal-like properties. 6, 7 Furthermore, Huh7 and Hep3B cells differ in their p53 gene status: Huh7 cells express p53ĲY220S), but Hep3B cells are null for the TP53 gene. Therefore, the expression of mutant p53 causes differential activation of the β-catenin protein and its downstream mesenchymal proteins such as E-cadherin, vimentin, snail and slug. The significantly higher expression of β-catenin 20 due to the lack of p53 protein in Hep3B cells correlates with the higher expression of EpCAM and CD133 markers in this cell (Fig. 3) .
Effects of quinoides and VEGFR2-TKIs on hepatocellular cancer stem cells (HCSCs). It is essential to discover novel compounds that were able to alter the enrichment of the CSC population as well as the cancer cells. For this reason, compounds 1-10 that were initially tested against HCC cell lines were further studied to determine the changes in the CSC marker positivity of Huh7 cells. Cells that were killed by the treatment were discarded, and the remaining cells were used in flow cytometry analyses. Interestingly, some of the compounds were able to reduce the percentage of CSC population, while some had the adverse effect on Huh7 cells that enriched the CSC subpopulation (Fig. 4) . It was observed that unlike VEGFR2-TKIs, some of the quinoides were able to attenuate the CSC side population in Huh7 cells.
Due to the distinct dispersion of CD90 cells, we decided to include SNU-475 cells for testing the anti-HCSC activities of quinoides. Therefore, we also determined the bioactivities of quinoides in SNU475 cells. The IC 50 values were 5.5 ± 1.4, 10.5 ± 1.5, 6.1 ± 2.0, 0.3 ± 1.2, 9.0 ± 2.1, and 0.6 ± 1.1 μM for compounds 1, 2a, 2b, 3, 4, and DAPT, respectively. No growth inhibition was observed for compound 5 ( Fig. 5 and Table 2B ).
Although compounds 6-10 were stronger HCC inhibiting agents as quinoides 1-5, they caused enrichment of Huh7 HCSCs in the rest of the HCC after treatment. Therefore, the positive cytotoxic effect of 6-10 was discredited by their ability to leave the HCC residue fraction after treatment enriched with aggressive HCSC cells that are highly susceptible to disease relapse and that acquired drug resistance frequently observed after HCC treatment in clinics.
Further analyses were carried out on Hep3B, Mahlavu and SNU-475 cells to test whether the same effect could be observed in other HCC cell lines as well. Among all compounds tested, 3 was able to attenuate the CSCs especially in mesenchymal-like cells, surpassing the efficacy of the stem cell inhibitor, DAPT (Fig. 5) . Altogether, the results have shown that compound 3 is potentially capable of impairing the cancer stem cells in HCC cells with a mechanism not yet discovered.
On the other hand, treatments of cells with VEGFR2-TKIs 6-10 were shown to enrich the cancer stem cell population of Huh7 and Hep3B cells at about 1.7-2.9 times as opposed to the effect of DAPT (Fig. 4 and Table 2A ).
Conclusions
There is only one literature report describing macrocyclic benzoquinone herbimycin A [CAS: 70563-58-5, BRN: 4834067] that inhibits (61-78%) human bone marrow mesenchymal stem cells at 1-5 μM concentration. 21 We present here for the first time the screening of benzoquinone compounds in CSCs. One of the achievements of our pivotal study is identification of quinoide 3 as an exceptional compound to treat HCSCs. Although its mechanism is not yet known, we hypothesize different behaviours of screened quinoides 1-5 based on their structural differences, benzoquinone reactivity and general medicinal chemistry knowledge. All quinoides 1-5 possess a chemically reactive benzoquinone fragment that can likely be an irreversible inhibitor binding to a biological target e.g. by the Michael reaction with a cysteine amino acid residue. The most active quinoide 3 in Mahlavu and SNU-475 is the one that misses most of substitutions on its benzoquinone skeleton compared to the other tested quinoides. The steric and electronic properties of 3 could be a reason why quinoide 3 is the most active one included (Fig. 5 ). In the case of the SNU-475 tumour, there are three active quinoides (1, 2a and 3); therefore, other mechanismĲs) can also be included. As could be seen, all VEGFR2 TKIs 6-10 are cytotoxic to HCC cell lines (IC 50 = 3.0-0.4 μM, Table 1 ), and at the same time, they are less toxic towards HCSCs since it was observed that cancer stem cells were enriched up to 3 times after treatment ( Fig. 5 and Table 2A ). The most synergic case would be to identify cytotoxic compounds for both HCCs and HCSCs. The results obtained by screening of VEGFR2 TKIs can deliver two positive consequences: i) VEGFR2 TKIs can be used to enrich the % of stem cells in the final fraction before stem cell isolation for research purposes. Moreover, such stem cells can remember VEGFR2 TKI treatment and can be used for the development of the next generation of inhibitors. ii) It is obvious that experimental compounds can be differently cytotoxic towards heterogeneous tumour cells. Their different influence on CSCs should be quantified separately because of its practical meaning. In cancer therapeutics, it is important to identify treatment regimens against cancer stem cells as well as tumor cells, because patients suffer from relapse or incomplete recovery after treatment if it fails to eliminate CSCs. The percentage of DMSO treated cells in flow cytometry analysis represents the initial CSC marker positivity of the cells before treatment (Fig. 4 ) Thus, we suggest that once the cells were treated with a compound, the number of cells with marker positivity can be compared with the DMSO control in order to define the fold change in the percentage of cancer stem cells. Since only the cells that stay alive after treatment are analyzed (see methods), it is important to emphasize the density of the cancer stem cells before and after treatment. Therefore, the compounds that cause a decrease or enrichment in cancer stem cell population can be quantified simply by normalizing the treated cell population by DMSO controls.
Here, we suggest the aggressiveness factor (A F ), a new characteristic quantifying the risk for certain compounds to be able to develop a more aggressive disease: A F (exp. cmpd.) = [(total number of CSCs after exp. cmpd. treatment)/(total number of CSCs before treatment)].
The low A F value is an indication for the quality of a drug candidate toward cancer cells. Such molecules don't possess drug resistance or induce more aggressive tumours (Table 2) . A F reflects the fold increase of CSCs that survived the compound treatment independently of the shrinkage of the tumour itself.
The compounds with A F values below 1 can be regarded as molecules which reduce the cancer stem cell population, whereas A F values above 1 signify molecules that enrich the cancer stem cell population. Thus, the usage of A F values defines the success or failure of the compounds in affecting cancer cells toward cancer stem cell population.
Cancer stem cell-like subpopulations carry behaviors such as higher tumor-forming and metastasis capacities along with resistance to antitumor drugs which allows tumors to survive and relapse. 8 The analysis of the action of the chemotherapeutics that deplete the CSC-like population by the following surface markers may enumerate the qualities of the compounds and may allow one to assess their differential action. Our results represent parallel findings with sorafenib (6) and other compounds and allow comparative analysis of the compounds toward cancer stem cell marker positive cell populations. The A F concept introduced in this study clearly demonstrates the differential action of the compounds. It is known that patients used to develop resistance towards sorafenib (6) . This is consistent with our data with sorafenib (6) having an A F value that is 2 fold higher compared to that of the DMSO control while maintaining good cytotoxicity through the low IC 50 values (Table 2A) . However, the known CSC inhibitor (DAPT) has low A F values and its IC 50 is much higher than that for sorafenib (6) . Furthermore, while quinoide 5 does not possess cytotoxic actions (for each HCC line) and 3 has high IC 50 values against Huh7, Hep3B or MV (Mahlavu) cells, they both significantly reduce the CSC marker positive subpopulations in mesenchymal Mahlavu and SNU-475 cells (Tables 2A and B) .
The normalized aggressiveness factor allows selection of promising experimental compounds possessing lower probability to form aggressive tumours in comparison to a particular drug with known clinical behaviour. The methodology can serve as a simple and valuable tool for pre-clinical screening.
Experimental section
Syntheses of compounds 1-10
The syntheses and physicochemical properties of prepared organic compounds 1-10 can be found in the ESI. ‡
Cell culture
Huh7 and Mahlavu, human hepatocellular carcinoma (HCC) cell lines, were maintained in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen/GIBCO), supplemented with 10% fetal bovine serum (FBS) (Invitrogen/GIBCO) and 0.1 mM nonessential amino acid, whereas SNU-475 cells were maintained in RPMI (Invitrogen/GIBCO), supplemented 10% fetal bovine serum (FBS) and 2 mM L-glutamine. Both media contained 100 units per mL penicillin and 100 units per mL streptomycin. Cells were grown at 37°C in a humidified incubator under 5% CO 2 .
NCI-60 sulforhodamine B (SRB) cytotoxicity assay
Huh7 and Hep3B (2000 cells per well), SNU-475 (1000 cells per well) and Mahlavu (1000 cells per well) cells were inoculated into 96-well plates (150 μl per well). After 24 hours, molecules of interest and DMSO control were applied in concentrations of 40 μM to 2.5 μM in serial dilutions. After 72 h of treatment, cells were fixed with cold 10% (w/v) trichloroacetic acid (MERCK) for an hour. Then, the wells were washed with ddH 2 O and dried. 50 μl of 0.4% SRB dye (Sigma-Aldrich) was applied to each well and incubated at room temperature for 10 min. Each well was washed with 1% acetic acid and left for air-drying. SRB dye was solubilised using 100 μl per well 10 mM Tris-Base solution, and the absorbance was measured at 515 nm. The experiment was performed in triplicate, and the absorbance values were normalized to DMSO controls. 
